4
The disulfide bonding structure of an extracellular secreted version of rat NPR-A has been determined (16). In this receptor, intramolecular bonds were found between Cys60-Cys86, Cys164-215 and Cys423 and Cys432. Hence, the NPR-A extracellular domain contains three intramolecular but no intermolecular disulfide bonds. Two groups have addressed the role of the juxtamembrane cysteines in NPR-A. Labrecque et al. found that the conversion of Cys423 to serine resulted in a receptor variant that migrated at twice the molecular weight of the wild-type receptor under nonreducing, but not reducing SDS-PAGE conditions (17) . They concluded that the removal of Cys423 allowed Cys432 to form an intermolecular disulfide bond with the corresponding residue on a separate polypeptide chain. This mutant's basal activity is elevated 20-40 fold compared to the wild-type receptor, but has a diminished ability to be activated by ANP and/or ATP. In a separate experiments, Huo and colleagues found that the mutation of both The crystal structure of the glycosylated, unliganded, dimerized hormone-binding domain of NPR-A has been solved at 2.0 A resolution (19). The monomer consists of two interconnected subdomains, each encompassing a central β-sheet flanked by α-helices, and exhibits a type I periplasmic binding-protein fold. Dimerization appears to be mediated by juxtaposition of 2x2 parallel helices that bring the two protruding carboxyl-termini in close proximity. Affinity labeling experiments indicated that residues 4 and 18 of ANP bind in the vicinity of Met173 of NPR-A and that the carboxyl terminus of ANP binds near His195. The assignment of receptor contact residues by the crystallography group is consistent with a previous report demonstrating that the amino portion of ANP could be cross-linked to the NPR-A chymotryptic peptide Met173 to Phe188 (20). The structure of an ANP-NPR-A complex has not been solved, but Van den Akker et. al speculate that the dimeric receptor contains two spatially separated ANP binding sites, which yields a ligand-receptor stoichiometry of 2:2. This is consistent with previous studies that indicated the stoichiometry of binding is 1:1 (21,22) or 2:2 (23), but not with a study that suggested a stoichiometry of 1:2 (24). Perhaps the most surprising finding to come from the initial structural work on NPR-A is the presence of an apparent chloride-binding site buried within the amino-terminal portion of each monomer. Surprisingly, Misono reported that chloride is absolutely required for ANP binding to the extracellular domain of NPR-A (25). Whether chloride is required for hormone binding to the full-length receptor or to NPR-B or NPR-C remains to be determined. In addition whether chloride binding is reversible, and therefore regulatory, also remains to be answered. However, since the chloride concentration that is necessary for 50% of the maximal ANP binding response (EC 50 =0.6 mM) is two orders of magnitude below physiologic concentrations, this appears unlikely.
Presently, no direct data are available on the crystal structure of any guanylyl cyclase catalytic domain. However, due to the high sequence similarity between the catalytic domains of adenylyl and guanylyl cyclases, the latter have been molecularly modeled based on the coordinates from the former (26) . Both cyclase domains appear to form a wreath-like structure with the mammalian adenylyl cyclases and soluble guanylyl cyclases containing one active site per heterodimer and the membrane guanylyl cyclases, including NPR-A and NPR-B, containing two active sites per homodimer (27). Because the residues that interact with ribose, triphosphate and Mg 2+ in adenylyl cyclase are conserved in guanylyl cyclases, it is believed they serve similar functions in both enzymes. Hence, the residues that interact with the purine base determine substrate specificity. In the model of the nucleotide-binding site of the retinal guanylyl cyclase (ret-GC-1 or GC-E), Glu925 and Cys997 are essential for nucleotide discrimination and are envisioned to form critical hydrogen bonds with the N1, N2 and O6 atoms of guanine, respectively (26) . This model has now been tested and confirmed by Tucker and colleagues who changed the substrate specificity of retinal guanylyl cyclase-1 from guanine to adenine by mutating Glu925 and Cys997 to Lys and Asp, the corresponding residues in adenylyl cyclases (28) . These residues are conserved in NPR-A and NPR-B and are likely to serve similar functions in their active sites as well. within the glycine-rich elbow and putative ATP-binding region of its KHD (36) . Replacement of any of these phosphorylated amino acids, but not residues flanking this region, with alanine results in decreased ANP-dependent guanylyl cyclase activities (36) . Receptors lacking four or more of these sites are completely unresponsive to hormone. NPR-B is also regulated by phosphorylation (37) , and has five known phosphorylation sites within the amino-terminal portion of its KHD (Thr-513, Thr-516, Ser-518, Ser-523, Ser-526) (38) . These data indicate that receptor phosphorylation is not merely modulatory, but is absolutely required for NP signal transduction. The NP receptor kinase has not been identified.
Glycosylation

Receptor Activation
As a starting point for the molecular analysis of NP-dependent activation and desensitization of NPR-A, we have constructed a working model of this process (Fig. 2) . In the absence of NP, the receptor exists as a homodimer or homotetramer. It is highly phosphorylated, and its guanylyl cyclase activity is tightly repressed. Upon NP binding, the oligomeric state of the receptor does not change (12,39) which indicates that receptor activation is not simply the result of ligand-dependent receptor oligomerization as is the case for many growth factor receptors. On the other hand, ANP binding does cause the extracellular juxtamembrane region of NPR-A to become susceptible to protease cleavage (18), which suggest that hormone binding induces a conformational change in this proline rich "hinge" portion of the receptor. Exactly how hormone binding transmits an activation signal across the membrane is unclear. However, since ATP is required for maximal NP-dependent activation and receptors lacking the KHD are constitutively active in the absence of ANP (40), one possibility is that hormone binding facilitates ATP binding to the KHD. Once ATP is bound, a conformational change occurs within the KHD that facilitates three subsequent events. First, the normal inhibitory effect that the KHD has on catalytic activity is relieved and the guanylyl cyclase domains are allowed to come together to form two active sites per dimer. Two, an increased dissociation rate decreases the affinity of the extracellular domain of NPR-A for ANP. This effect also requires the KHD and is observed in whole cells as a time-dependent shift from high to low affinity ANP binding (41) .
Three, the conformational change in the KHD may expose the phosphorylated residues to a constitutively active, or perhaps a cGMP-activatable, protein phosphatase. In addition, the ATPbound KHD may be a poorer substrate for the NPR-A kinase. The resulting dephosphorylated receptor is unresponsive to further hormonal stimulation.
In contrast to ATP, the diuretic drug amiloride stabilizes the high affinity binding state, 
Homologous Desensitization
Because synthetic BNP (Nesiritide) has proven to be clinically beneficial in the treatment of congestive heart failure (47), an understanding of the mechanisms involved in the desensitization of these receptors is important from a basic science and a clinical perspective.
Hormone-dependent activities of NPR-A and NPR-B can be reduced by chronic exposure to NPs, known as homologous desensitization, or by exposure to agents other than NPs, referred to as heterologous desensitization. Homologous desensitization can be divided into processes that receptor, but not one containing analogous alanine mutations, is stimulated ten-fold by ANP and ATP. In contrast to the wild-type receptor, NPR-A-6E is activated equally well by ATP and AMPPNP, and is completely unaffected by microcystin. These data suggest that the superior ability of ATP-γ-S and ATP to activate NPR-A results from their ability to serve as substrates in a protein kinase reaction and that the protein that is being dephosphorylated in the in vitro cyclase assay is the receptor itself. Furthermore, NPR-A-6E, which cannot shed its negative charge via dephosphorylation, was shown to be resistant to homologous desensitization (50).
These results indicate that NPR-A and NPR-B are homologously desensitized by receptor dephosphorylation, a unique paradigm compared to most G-protein coupled receptors that are desensitized by direct phosphorylation.
Heterologous Desensitization
The vasoconstrictory hormones arginine-vasopressin, angiotensin II and endothelin, 
Receptor Internalization and Degradation
Early studies in PC12 cells indicated that both NPR-A and NPR-C internalize ANP (60) .
Once internalized, a portion of each receptor pool was recycled to the cell surface and another fraction was degraded (60) . Unfortunately, because the cells in this study were not acid washed after exposure to ANP, the loss of ANP binding sites could be explained by receptor degradation or by prior receptor occupation (48). In leydig cells, Pandey reported that NPR-A is readily internalized and that ANP degradation was markedly decreased when cells were incubated with NH 4 Cl (61). In contrast, Koh and colleagues using lines of rat primary mesangial cells that exclusively or primarily express NPR-A, found that this receptor was constitutively membrane resident and was not internalized (62) . In these cells, NH 4 Cl had no effect on the residence time of ANP at the cell surface or on the appearance of ANP degradation products in the medium.
They did find a surprising increase in the off-rate of ANP from NPR-A when the temperature of the cells was raised from 30 to 37 o C. They concluded that NPR-A was not internalized nor was internalization needed to separate ligand from the receptor due to the very rapid dissociation rate that NPR-A has for NPs at physiologic temperature. Abe and coworkers observed a similar temperature-dependent binding interaction between NPR-A and an ANP analog in bovine lung membranes, and also concluded that internalization of NPR-A might not be needed to dissociate ANP and NPR-A (63). Using detergent-dependent guanylyl cyclase assays and Western blot analysis, we found that addition of ANP to 293 cells expressing NPR-A resulted in receptor degradation, although this process was slow with a t 1/2 of approximately 4h (50) . Currently, the roles of internalization and degradation in the regulation of NPR-A are unclear, although these data could be explained if this process is a cell-type-specific phenomenon. In contrast, virtually nothing is known about the internalization and degradation of NPR-B.
Conclusions and Perspectives
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